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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 
i\fetric 
-
English 
Symbol 
Unit Abbrevia- Unit Abbrevia-tion tion 
Length ______ l meter ____ ______________ m foot (or mile) _____ __ __ ft (or mi) Time ___ ___ __ t second ____ ___ __________ s second (or hour) _______ sec (or hr) Force ________ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb 
Power _____ __ P horsepower (metric) __ ___ 
---- --- ---
horsepower _____ __ ___ _ bp 
Speed __ ____ _ V {kilomcters per hour ______ kph miles per hour ________ mph meters per second _______ mps feet per second ____ ___ _ fps 
2. GENERAL SYMBOLS 
Weight=mg 
Standard acceleration of gravity=9 .80665 m/s2 
or 32.1740 ft/sec2 
Mass=W 
9 
Moment of inertia=mP. (Indicate axis of 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 
, Kinematic viscosity 
p Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-4_s2 at 15° C 
and 760 IDmj or 0.002378 Ib-ft-4 sec2 
Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651 Ib/cu ft -- -
3. AERODYNAMIC SYMBOLS 
Area 
Area of wing 
Gap 
Span 
Chord 
b2 Aspect ratio, S 
True air speed 
Dynamic pressure, ~p V2 
Lift, absolute coefficient OL= q~ 
Drag, absolute coefficient OD= q~ 
]) 
Profile drag, absolute coefficient ODO= qS 
Induced drag, absolute coefficient OD t= ~S 
Parasite drag, absolute coefficient ODl1=~S 
Cross-wind force, absolute coefficient Oc=::S 
Q 
n 
R 
a 
'Y 
Angle of setting of wings (relative to thrust line) 
Angle of stabilizer setting (relative to thrust 
line) 
Resultant moment 
Resultant angular velocity 
Reynolds number, p Vl where l is a linear dimen-
J.L 
sion (e.g., for an airfoil of 1.0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400 j or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 
Angle of attack 
Angle of downwash . 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero-
lift position) 
Flight-path angle 
741070-47- - 1 
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REPORT No. 785 
PREKNOCK VffiRATIONS IN A SPARK-IGNITION ENGINE CYLINDER AS REVEALED 
BY HIGH-SPEED PHOTOGRAPHY 
By EARCY D. IrLLER and W ALTER O. L OGAN, Jr. 
SUMMARY 
The high- peed photographic investigation oj the mechanic oj 
spark-ignition engine knock recorded in three previous reports 
has been extended with u e oj the NAOA high- peed camera and 
combusti01l apparatus with a piezoelectric pressure pickup in 
the combustion chamber. The motion picture oj knocking 
combustion were taken at the rate oj 40,000 jrames per second. ' 
E x?'stence oj the preknock vibrations in the engine cylinder 
suggested in Report No. 727 has been definitely proved and the 
m'brations have been analyzed both in the high-speed motion 
picture and the pressure traces. Data are also included to 
show that the preknock vibrations do not progre ively build up 
to cause knock. The e. ffect oj tetraethyl lead on the preknock 
vibrations has been studied and re ults oj the tests are presented. 
Photographs are presented which in some cases clearly show 
evidence oj autoignition in the end zone a considerable length of 
time before knock occur . 
INTRODUCTIO N 
The NACA high- peed camera, development of which was 
completed late in 193 , has been u ed illce then in the study 
of combu tion in the cylinder of a spark-ignition engine. 
This camera take pho tographs at the rate of 40,000 frame 
per second. Since the early part of 1939 the camera has 
been used principally in the tudy of the detail of the 
knoeking reaction. 
R esults of th studies of knock with the NAOA high- peed 
camera have been presented in references I , 2, and 3. Wh en 
the earliest photographs of JmoC'king combustion wcre p]'o-
j ected as motion pictures, an extremely viol en t explosion 
was ob erved in the vicinity of the end zone, that is, in the 
vicinity of the last portion of the charge to be ignited by the 
£lame fronts. Thi e}..rplosion tOOY place in a period of only 
25 to 100 microseconds. When the photograph of knocking 
combustion were examined frame by frame, a print on 
photographie paper , the fir t frame involved in the explo ion 
was found to have a eharacteristic blurred appearance 
within some portion of it area. 'I'hi characteristic blur 
was shown in reference 3 to coiDcide in time with the begin-
ning of the violent pre sure fluctuations on the pressure-time 
record. The e fluctuations have long been recognized a 
being associated with knock. The blur has consequ ently 
been regarded by the authors a the fir t indication of knock 
to be seen in the photographs . 
In r eference 1, 2, and 3 it has boon shown that, at leas t in 
some case, a reaction having the appearance of autoignition 
take place in the end zone an appreciable time before knock 
occurs. This proknock ond-zone roacLion precede knock 
by a much malleI' time interval than the preknock end-zone 
roaction found by Withrow and Ras weil er (1' fC1'encc 4) ancl 
is therefore either a diffcrent reaetion 01' a later and accel-
Cl'ated stage of the same roaction. In some ea es Lhe pl'e-
knock end-zone reaction hown in rcicrencc 1, 2, and 3 
caused the end zone to become indistingui hable in the 
photographs from r egion through which flame f l'onis had 
already passed. (See frame M- 10, fig. 5, reference I, 01' 
frame G- 11 , fig . 7, reference 2.) In reference 3, prints of 
a motion picture are presented in which the fir t visible 
knocking blur and the last visiblc end zono are at d ifl'crent 
location in the combustion chamber. Thcse facts Iccl lIillel' 
and Olsen (reference 3) to conclude that knock apparcntly 
originate only within a portion of tho cha rgo that has 
already boen ignited, the ignition having bcen cau cd either 
by autoignition or by pa age of the flame fron t . 
In reference 2 Miller eoncluded, from a study of P],CSSlll'e-
time records obtained with the JACA optical indicator and 
the N ACA combu tion apparatu , that prc ure wavc of 
mall amplitude occurred in the combustion chamber in 
some cases before the knocking r eaction OCCUlTed. He 
ugges ted that these preknock pres ure waves might be 
progressively built up by some reaction which was accel-
erated in the high-pressure regions and decelerated in the 
10w-pressUl'e regions of the waves and that the rate of thi 
ame reaction might eventually reach such a magnit.ude as 
to result in knock. Draper (reference 5) had pl'cviou Iy 
reported the existence of pressure waves in the cylindcr charge 
before knock became audible. 
The obj ect of the investigation reported herein is to clarify 
and supplement, as far as po sible, the information prcviou Iy 
obtained from high-speed photographs and pres LIre-time 
records concerning preknock reactions. 
For a fUl'ther study of the preknock vibrations mentioned 
in reference 2, it was desirable to find a method of measuring 
the effect of the vibrations on the travel of the flame fronts 
as soon in the high-speed photographs. The method consisted 
in carefully measuring the flame areas and the end-zone areas 
on each fram e of the high-speed motion pictures and plotting 
the re ults in uch a manner as to show the effect of the pre-
knock vibrations on flame-front positions. The validity of 
the r esults, of cour e, must depend entirely on the correctness 
of the conclusion that the characteri tic knocking blur in 
1 
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the high-sp ed photograph coincide in time with the begin-
ning of violent pressure fluctuation on th pre ure-Lime 
record, as shown in reference 3. 
In addition to the investigation of the prelmock vibrations, 
attempts were made to find fuds, or fuels with add itive, 
which uncleI' uitable engine operating condi tions would pro-
duce a more definite appearance of autoio-nition in th high-
peed photograph than ha b en previously shown. 
Th data were obtained in 1942 and 1943 at the Langley 
Memorial Aeronautical Laboratory at Langley Field, Va., 
and at the Aircraft Engine Research Laboratory at leve-
land, Ohio . 
APPARATUS A D PRO CEDURE 
Combustion apparatus.- AlJ photograph included in thi 
repor t were taken with the AOA high-speed can1l'ra in 
conjunction with the AOA combustion apparatus and 
auxiliary equipment. D esign detail of the AOA high··speed 
camera, which takes photographs at the rate of 40,000 per 
econd, have not yet been I' leased. T he combustion. appara-
tu i an engine of 5-inch bore and 7-inch troke, d rLyen at 
test speed by a direct-connected electric motor. Principal 
de ign features include: four- troke cycle, fuel inj ection , 
spark ignition, overhead valve, pent-roof piston, and a o-la s 
window in the combustion chamber. A diagrammatic ketch 
of the apparatus is given in figul'e 1. 
Engine operating conditions.- As in preyio ll s projects u i no-
the combu Lion apparatus, the engine was fir ed for omy one 
cycle in every run and wa driven by the electric motor the 
rest of the time. Oomplete cllLta fo r the run were obLained 
during this ingle pow [' cycle. For all the picture taken 
during the presen t investigation, the fuel-injection valve was 
placed in opening H in the cylinder head. ( ee fig. 1.) F or 
picture showing comb ustion of the charge with four park 
plugs, the plug were placed in opening J, F, G, and E. The 
plug at J was omi tted for r uns u ing only three pl ugs; 
for picture using only one park plug, tb(' plug in op~ning 
G was used. 
D uring the entire inve tigation, the followino- engine con-
ditions were held on tant: 
Compression ratio __________________________ __ ___________ _ 
J acket and head temperatu re, °F _____ _____ ___ _ ________ _ 
Fuel- injection tim ing, intake stroke, degrees A. T. C . _ ______ _ 
Spark timing, degrees B. T. C.: . 
At G ___ _____________ _______________ _ 
~l ~} - - - -------------- --------------
7. 1 
250 
20 
27 
20 
Fuel-air ratio ______ __________ _ .. ________ App rox imately 0.0 
Inlet-air condition ._ _____________ ____________ _ __ Atmosphe ric 
Engine speed , rpm _____ ___________ ___ __ ___ ____________ 550 
park timings of 27° and 20° B . T . O. were selected in 
order that knock wOlild occur at top center where it could 
be best photographed and in orel er that the knocking zone 
would be well within the field of view. 
Fuels and additive used during tbe pre en t investigation 
included: 
.1\1- 2 or .1\1-3 fuel 
.1\1- 2 or .1\1-3 fuel with tetraethyllead 
- 1 or - 2 fuel with amyl ni tratt? 
Section A -A, showing openings 
for spark plugs and accessories 
~'}jection valve 
A- ----=:R=lffi::Ja. ·-A 
~-=--+ 
Mirror., 
I : 
·-Fuel tonk 
<····Fuel circulafing pump 
Clufch 
Phose-changing 
gears 
2 :1 reduction 
Phose-~ changing 
~ gears 
Injection puinp with drop 
com no t indicated 
Timing 
switches 
FIGURE I.- Diagrammatic sketch of N ACA combustion apparatus. 
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Optical arrangements for taking high-speed pictures.-
The optical setup for taking chlieren pbotograph of com-
bustion with the NACA high- peed camera is cxplained in 
detail in reference l. 
Pressure- time records .- Pl'essure-time record for the 
combustion cycle were taken with a piezoelectric quar tz 
cry tal pickup placed in opening I (see fig. 1) in the cylinder 
head. The pickup was coupled to the vertical inpn t of a 
9-inch cathode-ray oscillograph through a suitfible amplifier 
and the oscillograph sweep circui t was synchronized with the 
engine crank haft. The re lu ting pre ure-time trace on the 
o cillograph screen wa photographed with a 5- by 7-inch 
plate camera. In order to avoid the nece ity of timing find 
ynchronizing the Cfimera hutter, the 0 cillogl'aph was so 
arranged that th e trace would bc visible only dUl'inO' th e 
single combustion cycle of the engine. The , ingle visible 
o cillograph weep \Va obtained by arranging a contactor 
on the engine to trip a brilliancy-control switch fit the tart 
of the firing cycle. With this alTflngement, it was po ible to 
open the hutter on the plate camera before beginning a run , 
fil'c the engin e, fine! then close the shutter a oon a prac-
ticable. 
METHOD OF A ALYSIS 
Measurement of flame areas .- Figul'c 2 is a series of photo-
graphs of combu tion with heavy knock. Thc fuel u ed 
I 2 3 6 7 8 9 / 0 
H 
/I 
with this series was 1\1- 2 reference fuel with an extremely 
IuO'h concentration of tetraethyllead, 200 mi TEL per gal-
lon of fu el. The order of reading the photograph is through 
the to p row from left to riO'ht, then through the econd row 
from left to righ t, and so on. The picture-taking order is 
A-1 , A-2, A- 3, ... A- 20, A-21, B- 1, B- 2, . .. H- 20, H- 21. 
Four park plugs were used in the combustion cycle of 
figure 2. As in the figure of references 1, 2, and 3, the 
flames are visible as dark mottled region. The fl ame from 
the park plug in G po ition ( ee fig. 1) is ju t beginning to 
come into view in frame A- 11 of figure 2. The flame from 
the park pIuO' in E po ition begins to be vi ible at about 
frame B- 13. The flame from J po i tion appears at about 
frame C- 2. The flame from F po ition never become 
visible as an independent fl ame in figure 2. Knock first ap-
pears a a bhuTing of tbe part of the field indicated by the 
letter B in frame G-7. 
Th e erie of photographs shown in figure 2 wa analyzed 
with the object of revealing preknock vibrations; the analy i 
wa ma le by carefully measuring certain area of each frame 
with a polar planimeter. In order to make these measure-
ment , an image of each frame was projected onto a white 
sheet f paper from the original negative. Till image was 
enlarged above the ize appearing on the negative until the 
image ,vas appl'o}"'imately one and one-balf time the actual 
12 /3 /4 15 / 6 17 18 19 20 2/ 
FIGURE 2.- Bigb·specd motion pictures of vibratory combustion cyclo in an en gino cylinder. l\I-2 fu ol plus 200 ill l TEL PCI' g,llion. B, blurring cHuscd by kn ock. (eo fig. 4 (a).) 
l __ 
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size of the corresponding portion of the combustion chamber 
in the engine. The outline of each individual fraJ e was 
then traced on the paper a well as the outline of each flame 
front visible in the image. 
Two of the enlarged images from figure 2 are reproduced 
in figure 3. Figure 3 (a) i the enlargement of frame 8-20 
from figure 2; figure 3 (b) i the enlargement of frame E -5. 
x y 
x y 
Ca) 
(a) Enlargement of frame B.20, figure 2. 
(b) 
(b) Enlargement of frame E.S, figurc 2. 
1+'IOUl~E 3.-Diagram showing areas to be measured in computing mean Oamc·front velocit.ies 
for com busLion cycle shown in figurD 2. 
After the frame outlines and flame-front outline were 
traced, two parallel line were drawn acro s each frame, 
lines X-X and Y-Y in figures 3 (a) and 3 (b) . For th dif-
ferent frames the e lines were drawn as nearly as possible in 
the same positions relative to the frame outline. The posi-
tions of the line were arbitrarily selected for each photo-
graphic erie in uch a manner that each line would pass 
through orne part of the end zone in the few frames just 
preceding knock. For thi purpo e, "end zone" is defined 
as the area not yet pa ed through by flame front a seen 
- -- ,- --
in the photographs. Selection in thi manner of the parallel 
line X- X and Y- Y permitted an exact definition of areas 
to be measured with the planimeter from the fir t frame of 
the photographic eries almost to the frame in which knock 
became visible. 
The shaded area in figure 3 (a) "'as mea ured. This area 
may be defined as all that portion of the area of the frame 
located under the upper flame front and between l int' X-X 
and Y - Y. Thi area will be referred to throughou t thi 
report a the "area under upper flame." Upper flame , 
throughou t the report, will be under tood as the flame thaL 
originated at the park plug in G position. (See fig. 1.) 
In figure 3 (b) the area under upper flame \\-a measW'ed 
ju t a in figme 3 (a) . In figui-e 3 (b), the light area shaded 
wi th black lines and the dark area ectioned with white lines 
were both included in the area under upper flame. In 
addition to the measurement of area under upper flame, an 
independent measurement was made of the dark area 
sectioned with white lines in figure 3 (b). This dark area 
sectioned with white lines in figW'e 3 (b) will be reft'rred to 
throughout this report a the "lower flame area." The 
lower flame will be understood to mean the flame that 
originated at the park plug in J po ition. (See fig. 1.) 
Throughout the report, the term "end-zone area" will be 
used to designate all that portion of the frame area located 
between line X-X and Y-Y of figW'es 3 (a) and 3 (b) and 
between the upper and lower flame front. Thus, in each 
case, the end-zone area will be the mea ured area under 
upper flame minus the measured lower flame area. 
Plotting of planimeter measurements and fairing of 
eurves.- Figure 4 (a) presents graphically the result of the 
measurement de cribed for the photographic series of figure 
2. The scale of ab ci a in thi figure is time before knock 
in micro econds. Thus, zero on the absci a scale repre ents 
t he time at which frame G-7 was expose 1, or the time at 
which knock occurred; 200 on the ab cissa scale repre ents a 
point in time 200 microseconds before the occurrence of 
knock, or the time at which frame F-20 wa e)..'Posed; and so 
on. All plotted points on the curves of upper mean flame-
front position (area under upper flame /m), lower mean 
flame-front position (lower flame area/m), and mean end-zone 
width (end-zone area/m) represent the results of planimeter 
measurements for the frames corresponding to the abscissas. 
In each case, the mea ured area 01' the difference between 
measured areas wa divided by the horizontal dimen ion m 
(see fig . 3) to give the mean position of the flame front with 
reference to the bottom of the frame 01' the mean width of 
the end zone, respectively. The mean flame-front position 
01' the mean end-zone width was then multiplied by a 
uitable factor to convert it to actual combustion-chamber 
dimensions and the mean flame-front positions and mean 
end-zone width were plotted from frame to frame. 
Fan'ed curves were drawn representing the trends of the 
plotted values of upper mean flame-front position, lower mean 
flame-front position, and mean end-zone width. In the 
drawing of these curves only systematic or periodic trends 
_~I 
I 
! 
I 
I 
! 
{ 
PRE KNOCK VIBRATIO S I SPARK- IGNITION ENGINE CYLINDER BY HIGH- SP EED PHOTOGRAPHY 
/50~-4---+--~--+-~~-+--~--4---~~---+--~--+---r--+---r--~~ 
~?, !- -- -..... 7 ! ,I \ X ;: - __ -- 1--- -- '\~ / \ I 1\ \ ~ O~~'-+-~--~--4---~~l-* \~~+4-4-+i-+--++--~~--~-r+-~i---r--~ 
.g \ \'-'\ 1 \ / 1\ I \ \ I \ / \ 
't \ I 'I' V \ I !\) \ .I ~ I, v \ I -~-50~--rl \~-+---+---4--~~--~--++--+---~--~---r-r~---+~~--~r---r---+---~ ~ "-Lower flame - froni velocity fJ \, 
-/OO~~---+--~--4---+---~~~~---+--~--4---+---r-~~-+--~---r--~ 
Number of motion-pi cture frames before knock 
(a) 200 ml TEL per gallon ((rom fig. 2). 
FIGURE 4.-Et!ect o( explosive preknock reaction on travel o( flame (ronts in an engine cylinder. Fuel, M-2. (Tailed symbols represent check points.) 
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64 56 48 40 3? 24 16 8 o 
Number of mofion - pic tw-e frame s before knock 
(b) 80 ml TEL pel' ga llon. 
FIGURE 4.-CoLlLinncd. Erreet of explosive prcknoek rcaetion on travel of (lame front in aLl engine cylindcr. Fuel, i\I-2. (Tailcd symbols represent chcek points.) 
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were ob erved. Unsystematic fluctuations of the plotted 
value that did not exceed the limi t of reproducibility of the 
de terminations were ignored. In order to better define 
!1pparent flame-front travel and show up random deviation , 
check mea mements for all the rUll in figme 4 were made . 
Each et of cmves in the figure therefore present the re ul t 
of two independent tracings, measmement , and plots. 
The upper and lower apparent flame-front velocities 
plotted in figUTe 4 (a) were computed from the relationship, 
velocity = ~ t' where tos is the mean flame-front advance 
from frame to frame as hown by the fair d CUTve of app rent 
mean flame-front position and tot i the time interval f 25 
microseconds between frames. In each ca e, positive 
velocity wa taken a being in the original direction of £Iame-
front travel. The CUTve showing apparent upper flame-front 
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velocity i therefore a mechanical approximation of the 
negative derivative of the CUTve of upper mean flame-front 
po ition. The ordinates of this CUTve were converted to 
unit of feet per second. The cmve howing apparent lower 
flame-front velocity is the positive derivative of the cmve 
of lower mean flame-front po ition multiplied by the conver-
sion factor. No plotted points are indicated for the apparent 
flame-front velocities because these cmves were determined 
from the faired CUTves of upper and lower mean flame-front 
positions. 
RESULTS A D DISCUSSIO 
The preknock period.- The curves of figure 4 (b), 4 (c), 
4 (d), and 4 (e) repre ent the result of planimeter mea m e-
ments of four series of photographs taken Ullder conditions 
similar to tho e of figure 2, but with different tetraethyl-lead 
concentrations. The test conmtiol1 were the ame in each 
II 12 13 14 15 15 17 18 19 20 21 
FIG URE 5.-High-speed motion pictnres of vibratory combustion cycle in an engine cylinder. l\I-2 fuel plus 40 ml TEL per ga llon. B, blurring caused by knock. (See fig. 4 (d).) 
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case except that the amount of tetraethyl lead was varied, 
a shown on the figUl'e. The series of photograph from 
which figUTe 4 (d) was obtained is reproduced in figUl'e 5. 
The three series of photograph from which figUl'e 4 (b),4 (c), 
and 4 (e) were obtained are not reproduced because they are 
not believed to be of sufficient interest to ju tify inclu ion. 
one of the CUTve in figures 4 (a) to 4 (e) extend all the 
way to the point of knock. The CUl'ves were discontinued at 
the frames where the upper and lower .flame merged within 
the region between lines X-X and Y - Y (ee figs. 3 (a) and 
3 (b)) to such an extent that the areas to be measUl'ed became 
indeterminate. 
It wa hown in r ference 3 that the characteri tic knock-
ing blUT, uch as i seen in fram e G- 7 of figure 2 and frame 
F-13 of figure 5, occurs imultaneously with the onset of 
heavy knocking vibrations . This blur is consequ ently 
regarded as representative of a specific reaction that is the 
direct cause of heavy spark ignition fu el Imo k. Thl"olwh-
out thi r eport, the reaction that causes the knocking bhu' 
will be referred to a "knock" be ause this r eaction i be-
lieved to be the IDO t u ual cause of objectionable noise and 
cylinder vibrations. 
It is immediately obvious from a glancc at figmes 4 (a) 
tlu'ough 4 (e) that vibration are set up in thc gase in the 
combustion chamber before knock occur. These vibra-
tions before knock will be rcfened to hereinafter a "pre-
knock vibrations." 
Origin of preknock vibrations.- Examination of the £Iame-
front-velocity curves in figure 4 reveals tbat the pl'elmock 
vibrations generally begin with a retarding of both upper and 
lower flame fronts. Very oon u.ftel' the vibrations begin, 
howcver, the fluctuation of the lower flame-front velocity 
bccom s 1 0° ou t of pha e with the fluctuation of the upper 
flame-front velocity, positive velocity being taken as the 
[orwu.rd direction for each of the two flame fronts. The 
curve of end-zone wid th in each co, e has a hump that begins 
to develop very quickly after the initial retardation of the 
(-lame front, as should be expected from geometric con id r-
ations. There is, however, only one hump in ach end-zone-
width cw·ve. In eacL case that part of the end-zone-width 
curve immediately after the hump appears to have about 
the arne slope a the portion immediately preceding the 
hump. 
Examination of either the flame-front-velocity curves or 
the flame-front-po ition curves gives no indication what-
ever that the preknock vibrations generally increa e in 
amplitude after the fi1' t vibration. More often the ampli-
t ude diminishes with the later cycles. 
The simplest explanation of the observed facts appeal' to 
be that the preknock vibration arc set up by an explosive 
exothermic reaction in the end zone tha t is completed within 
a period probably Ie s than 300 microsecond. If this 
exothermic reaction continued at a constant rate after the 
hump in the end-zone-width curve, the reaction hould 
cau e a change in the lope of the curve from the value 
existing before th hump unles the reaction has the efl' ec t 
of increasing the flame velocity relative to the gas molecules 
by ju t the right amount to compen ate for the continuing 
expansion of the gas in the end zone. If the reaction con-
tinued intermittently at each compre ion by the preknock 
vibration, as sugge ted in reference 2, there should be 11 
hump in the end-zone-width curve for each fluctuation of 
flame-front velocity and the flu ctuation in flame-front 
velocity should teadily increase in amplitude. 
The conclusion may Lherefore be made that, under the 
cond itions of the e tests, an exothermic reaction occur in 
the end zone a few hundred micro econd before knock. 
This reaction cau es u.n e:\.'])losive e}.,])an ion of the end zon e 
and the explosive xpunsion of the end zone sets IIp vibra-
tion in tbe gase that continu e by their own momentum 
wl til knock occur. Because the end zone, in the case 
hown in figure 4, is not located at the combustion-chamber 
wall but well toward the center of the chamber, explo ive 
expan ion of the end zone should be expected to set up 110t 
only the fW1damentai mode of vibration but harmonics u.s 
well. ] or the runs shown in figure 4, the harmonics ap-
parcn tly w rc so quickly damped out that they could not 
be ob erved. After the damping out of the harmonics, the 
end zone moved up and down with the flame fronts without 
mea urable fluctuation in its u.rea. 
Wh en the photographs are viewed on the proj ection screen 
as motion pictures, an explosive reaction is visible in the end 
zone at the time tbe prelmoek vibration begin. This 
reaction has the appearance of a sudden sliO'h t darkening in 
the end zone, which is not entirely homogeneou. Thi 
darkening cannot usually be een in the figures beeau e it is 
Ie pl"Onounced than the fram e-to-frame variation in 
expo ure intensity introduced by the camera. In order to 
see the reaction it i neces ary that the eye be able to i.n te-
grate the effect of a number of frame over a short period 
of time, as i the case when the photographs are proj ected 
at the rate of 16 frame pel' second. 
In many cases when the photographs are proj ected a 
motion pictur s, the end zone can be een to darken every 
time the preknock vibration canies the combustion-chamber 
contents down toward the end zone and to become les dark 
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every time the vibration carrie the chamber contents up 
away from the end zone. If thi ob erved effect represents 
either an exothermic or cndothermic reaction in the end 
zonc, the rate of such reaction is too low to have any definite 
effect on the end-zone-width curves in figur 4. The con-
clu ion therefor appears to be ju tified that, if any such 
intermittent reaction exists, it is only i.ncidental as far as 
Lhe preknock vibration are concerned. The intermittent 
reaction i caused by the preknock vibrations but docs not 
play an appreciable part in sustaining these vibration. 
Effect of tetraethyl lead on preknock vibrations.- The 
curves of figure 4 clearly show that extremely high tetraethyl-
lead concentration caused a marked increase bo th in thc 
number of cyclcs of preknock vibration and in the length 
of thc time interval during which the preknock vibrations 
existed. 
Figure 6 ha been prepared for more conveni n t ob erva-
Lio11 of the effect of LetraeLhyl lead on preknock vibration . 
This figme shows upper flame-front-velocity curves for six 
different combustion cycle . The test condition were the 
same for all cycles except as to the tetraethyl-lead concen-
tration and the number of park pluo-s used. As th e 
Letraethyl-lead concentration is increased from z::ero in the 
uppermost curve to 200 milliliters per o-allon in the lowe t 
curve, the time intcrval between the start of preknoek 
vibration a nd Lhe occurrence of knock itself systematically 
illcrea es. Two successive CUrves in this figure may show 
the same number of cycle of preknock vibrations but not 
Lhe same time of start of preknock vibrations relative to 
Lime of imocic 
III figure 6 the uppermost curve r epre ents a combustion 
cycle in which only one park plug was u ed in G position. 
( ee fig. 1.) Th other five CUl"ves represent cycles in which 
four pI ugs were used. The e five curve are the one shown 
ill th e upper portion of figure 4 (a) to 4 (e) in rever e order. 
The curve for a combu tion cycle in which only oo e park 
plug was used is included in figure 6 becau e no curve i 
available for the case of zero tetraethyl-lead concentration 
repre enting operation with four spark plugs. Ohanging 
from one park plug to four did not appear to have allY 
definite effect on th e time of initiation of the preknock 
reaction, a i hO"wn in figure 7. 
The nwnber of measured combustion cycle might be 
thought insufficient to justify definite conclusions concemino-
Lhe effect of tetraethyllead, but it should be borne in mind 
that the measurements have been made for the pm-pose of 
pre en Ling in concrete form phenomena that have been 
clearly observed on the proj ection creen. Ob ervation a 
moLion picture of 45 cycles of combu tion with varying 
tetraethyl-lead concentration bears out the conclusion that 
increasing lead concentration increa es the time interval 
throughout which the preknock vibrations occur. 
In order furth er to demon trate the relationship betweeo 
clUJ'ation of preknock vibrations and the tetraeLhyl-lead 
concentration, point are plotted in figure 7 for all combu -
tion cycle of which planimeter meR urements have been 
made. Th e ordinate of each point i the time in terval 
between the fir t pa sage of the upper-flame-fron t-velociLy 
curve through zero and the occurrence of knock. In all 
ca e, the fuel was M - 2 reference fuel. The plotted poin ts 
indicate a straio-ht-li.ne relation hip between the lead con-
centration and the time interval through which prelmock 
vibrations occur. Points in the range of lead concen trations 
ordinarily used in practical engine operation might possibly 
change the slope of the curve of figur 7 in thi range, if it 
were pos ible to obtain such points with sufficien t accuracy. 
othing but a straight line app aI'S jll tified, however, 
through th e entire range fwm 0 to 200 milliliters per galloJl 
on the sole ba is of the points plotted in figw'e 7. 
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FIGURE 7.-Effect o[ tet raethyl-load concentration in M - 2 [uel on time interval bctweclI 
preknoek explosive reaction and knock in an engine cyli nder. 
The effect of tetraethyl 1 ad of increasing the Lime inLerval 
throughout which preknock vibrations exist i verifi ed by 
pre m e-time record . Pressure-time Tecord taken wi th 
tetraethyl-lead concentrations of 0, 20, 40, 0, and 200 milli-
li ter per gallon are reproduced in figure Fuel in each 
case \\'a 1\1-3, three park plug were used in po itions E, F, 
and G (see fig. 1), and the piezoelectric pickup IVa placed in 
opening I (ee flg. 1) . The spark plug in opening J waE 
omitted in order to bring the combu tion end zone against 
the chamber \\-all , previous test having shown that knocking 
vibration regi tel' mOre intensely on the piezoelectric pi ckup 
under this condi tion. 
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(a) 0 ml TEL per gallon. (b) 20 ml TEL pcr gallon. 
(e) 40 ml 1' EL per gallon. (d) 80 ml TEL per gallon. 
(e) 200 ml T EL per gallon. 
F IGURE .- Efl'ect of tetraethyl-lead concentration on preknock \' ibrations in combustion 
cycles using M-3 fuel. C, knock[llg v[brati ns; D, preknoek vibrations; E, liming 
impulses. 
In flgUl'e ,the irregularitie designated E on the traces 
are due to timing impulse and have no ignificance relative 
to the pres ure in the combu tion chamber. The preknock 
vibration are designated D and the region of the knocking 
vibration is designated C. In general, the eadie t knocking 
vibrations camlot be seen because they moved the electron 
beam of the 0 cilloscope up and down too rapicUy for the 
trace to register on the photographic film_ The trace simply 
di appear at the point where knock occurred and docs not 
reappear until the knocking vibrations have lost mo t of their 
amplitude. 
In the case of zero tetraethyl-lead concentration, the 
pre UTe-time record sho,,\' one cyeIe of prelmock vibration. 
This increases to two, three, three, and five cy Ie , 1'e pec-
tively, with concentrations of 20, 40, 0, and 200 ml TEL 
per gallon. 
The que tion naturally arises whether the effect of tetra-
ethyllead of increasing the time interval tlu'oughout which 
preknock vibration e)"rlst is due to a ha tening of the explo-
ive pI' knock reaction or to a retarding of the true knock 
reaction. This question i closely connected with another 
question: whether the occurrence of knock cause power loss 
by preventing complete combustion. Examination of the 
origmal negative from which the pressure-time reco1'(1 of 
figure 8 were reproduced reveals that knock 0 curred in each 
ca e very nearly at the time when the average pre sure 
throughout the combustion chamber had reached its probable 
maximum. For the pUl'pO e of this di cu sion, the average 
combustion-chamber pressure at any in tant icon idered a 
being halfway between the peak and the valleys of the 
knocking vibrations on the pressUl'e-time record. The 
records of figure 8, moreov 1', are typical of all records ob-
tained with 1- 3 reference fu el plus tetraethyl lead, 39 
record in all. The fact that the peak pres ure invariably 
OCCUl'S at the time of knock suggests that, if tetraethyl lead 
retards the OCCUl'rence of Imock, it also increa es the peak 
pre ure. uch a conclu ion must be correct unles the tetra-
ethyll ad has a compensating effect of decreasing the rate of 
pres ure ri e. This coneIu ion would mean that the occur-
rence of knock cau es a virtual termination of the release of 
chemical energy that would have occurred latcr in the cyclc 
if the knock had not developed. 
The electronic apparatus u ed in thi investigation wa not 
considered to have ufficient reproducibility to determine 
whether the peak pressure attained with high tetraethyl-lead 
concentration was consi tently higher than that attained 
without tetraethyl lead. A ubsequent investigation (refer-
ence 6) has definitely shown, however, that heavy knock does 
bring a virtual end to the release of chemical energy that 
would otherwise have developed later in the combustion 
cycle. This finding was to be expected in view of the fad 
that heavy knock always cause large quantitie of free 
carbon to be formed. It appear s reasonable, therefore, that 
tetraethyl I ad in large concentration postpones the occur-
rence of knock to a later time in the combu tion proce and 
that it may have no effect on the time of occurrence of the 
preknock reaction. J 0 definite conchl ion on thi point, 
however, can be made at this time. 
Irregular prekno ck vibrations.- In figures 9 and 10, fiame-
front-velocity curves and pre sure-time records are presented 
which show irregularities in the preknock vibrations. The 
concentration of tetraethyl lead for both curves of figure 9 
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FlG unl!: 9.- A ppareJl t. upper-flame-front v(' lociUcs ill an engille cylinder showing measured irregularities ill fJ am c-frOIl t. progressioll . 1vI- 2 fuel plus 200 ntl '1' l~ I~ pCI' gallon. 
was 200 milliliters pel' gallon. In fiO'ul'e ] 0 Lhe concentration 
wa 200 milliliter per gallon for one record and] 60 for Lhe 
other. EnO'ine operating condition were Lhe ame as tho e 
of Lite preceding figLU·es. Figures 9 and 10 show a lack of 
uniformity in the amplitude and period of the suC'ce sive 
cycles of preknock vibration in contrasL to the un iform 
vibrations een in fiO'ul'e 4. The uniform vibration are of 
the more usual type. The il'regulal'itie of t il e pl'eknock 
vibration of DO'ure 9 and 10 can very well be exphtined by 
(a) 
(a) ZOO ml TEL per ga llon. 
the existence of vibraLion of a higher mode than the i'unda-
men tal. Occurrence of the pl'eJ.;:nock reaction in differen t 
paI'L of the combu tion chamber hould be expected 1,0 
call e a more or les preponderance of h igher modes of vibra-
Lion , depending on the exact location of the end zone. 
Relation of explosive pl'eknock reaction to true knock 
reaction .- uff-icient data are not yet available to conclude 
wheLher the e;\.rplo lve pl'ekno('k reaction thaI, et up the 
pl'eknock vibrations is a neces ary prelude to the Lrue knock 
(b) 
(b) 160 ml TEL per gallon. 
FIG URE IO.-Prcssure-time records oC com bustion cycles showing irregular prcknock vibrations. Fucl. 1'.1-3 . 
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or wbether tills preliminary rea tion is only an incidental 
phenomenon that occms with some fuel. The existence of 
the phenomenon in some ca es demonstrate the compl xity 
of the Imock problem. 
In figme 4 of reference 2, the occmrence of very lio-h t knock 
in frame 0-5 was observed ,,-i thou t a qluck dis olution of the 
mottled combu tion zone. I t was sugge ted that in thi 
ca e the knock seemed to occm and then leave the normal 
bmning to complete it elf in the usual manner. The pre-
knock reaction revealed in the pre ent inve tigation may 
have occmred in frame 0-5 of figure 4 of reference 2 in a 
minute end-zone pocket 0 late in the combustion proce 
that the true Imock never had an opportunity to dev lop. 
The completion of the combustion required about 300 micro-
seconds (12 motion-picture frames) after frame 0-5, wblch 
i a very reasonable time interval between the explo ive 
prelmock reaction and the true Imock. 
The explosive prelmock reaction mio-ht very possibly be 
regarded as "incipient lmock" in cases where the normal 
bmning is completed before the true Imock has an oppor-
tlmity to occur. 
Preknock autoignition .- In references 1, 2, and 3 the 
pos ibility that autoignition may OCCUT in the end zone before 
knock is extensively di cussed . The result presented in the 
8 
c 
D 
E 
F 
G 
H 
preceding ection have definitely shown that an explo ive 
exothermic reaction occurs in the end zone before knock and 
it would eem mo t plausible to as ume that this reaction is 
a utoignition. On the ba i of thcse result , however , a definite 
coneIu ion cannot be made as to whether the bmning i con-
tinuing in the end zone at the time lmock occur. The com-
bu tion may oCCUT in more than one distinct tage, with com-
parative inactivity between tages. Dixon and coworkers 
(reference 7 and ) have hown that in the explo ion of 
cyanogen and everal hydrocarbon the carbon i first burned 
to CO, which later burns to CO2 at a much slower rate. 
D efinite evidence ha been found of at least two types 
of preknock autoignition that arc apparently independent of 
the reaction that sets up the preknock vibrations . One of 
the e two types of preknock autoignition may be seen in 
figure 11. The high- peed photographic erie hown in 
figure 11 wa obtained with the u c of 8- 1 fuel admi...xed with 
approximately 5 percent of amyl nitrate. Two park plugs 
fired in this case, in G and F po ition (se fig. 1). T e t con-
ditions were otherwise the same a in figure 2 and 5. The 
general darkening of the pictures apparent in frames 0 -5 to 
0 - 16 of the figure is due to faulty proce sing and cannot be 
as ociated with any combustion phenomenon. At about 
frame F-1 3 in figure 11, very small clark pots begin to appear 
F IGU RE II.- High-speed motion picture of combustion cycle in an engine cylinder showing autoignition before knock. 8-1 fuel plus 200 ml amyl nitrate per gallon. B, blurring caused by 
knock. (See fig . 12.) 
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within the end zone and well distributed throughout the 
en tire end-zone area. In the frame followin g F-13 these dark 
pots steadily grow until in frame G- l 0 they covel' the en tire 
area of the end zone. Knock fu'st appears as a brightly 
luminou treak along the right-hand edge of frame G- ll 
and as a general blurring of the entire mottled region of the 
same frame. 
The dark spots that develop and grow within the end zone 
in figure 11 have the same appearance as the mot tling that 
has been interpreted as represen ting the combu tion zone in 
£lames emanatil1g from spark plugs. The spots represent 
orne type of rca tion that originate at points and propagate 
it elf outward tlu'ough the unignited charge in all directions 
from the e point . To con tend that this reaction i no t au to-
ignition require a concept that is probably entirely new in 
preflame reactions; namely, a prefiame reaction that propa-
gates i tself from poin t to point in the same manner and a t 
about the same peed as a normal flame_ 
Upper flame-fronl velocity 
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Curves of apparent flame-front velocity and £iame-fron t 
posit ion plotted again t time are shown in figure 12 for the 
photographs of figure 11 . The e CUl'ves show that mea m abIe 
pl'eknock vibrations did no t occur and, therefore, tha t a 
measurable explo ive prelmock reaction such as cau cd the 
v ibrations in the ca c of M - 2 fuel with and wi thout tetra-
ethyllead had not occulTed up until a time 50 micro econd 
before the occurrence of knock. About 1200 miel'oseconci s 
before Imoek , a retarda tion of the flame fron t occurred that 
did not cause vibrations. This retardation may have been 
due to an unusual effect of wir! of the combustion-chamber 
conten ts. The portion of the flame-front-posi tion Cill've ju t 
before knock has no irregul arity such as would indicate an 
exothermi c effect of the end-zone autoignition. Any exo-
thermic effect of the end-zone autoignition that actually did 
exist should, in fact, probably no t be eviden t on the CUTVl'. 
In frame G-6 of figm e 11 , only five frames before knock , 
eight prominent autoignition spots are visible. The diameter 
Knock--_ 
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F IG UR£ 12.- Flame travel in an engine cylinder during knocking combustion as affected by tbe addition of 200 ml amyl ni trate per gallon of S-1 fuel (from fig. ll) . (Tailed symbols represent 
cbeck points.) 
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FIGURE 13.-lligb-speed motion pictures of combustion crcle in au eugine c. linder sbowing auloiguition before knock. S-2 fuel plus 400 ml amyl nitrate per galloll . 
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of the e spot, converted to combustion -chamber scale, 
average about 0.2 inch. The actual area of the visible end 
zone in this frame i 1.15 quare inche which , with the com-
bustion-ch amber depth of about 1 inch , indicates an end-
zone volume of at least] .15 cubic inch es. If the autoignition 
spots arc assumed Lo be sphrrical, their combi.ned volume is 
0.0335 cubic inch. In thi frame, therefore, the apparrnt 
autoignited volume i only 2.9 percent 01' Ie of the total 
end-zone olume. In the frame following G-6, the demarca-
Lion between end-zone and park-ignition flame become so 
confused t hat the planimeter mea ur·ements are undepend-
able. 
The pin-point autoignition that is so apparen t in figm 11 
can also b e seen on close inspection in figure 2. If the two 
arrows directed at frame F- lO in figure 2 are extencle 1 until 
they intersect, the point of intel"ection will b e on a fairly 
wcll-oeveloped point of autoignition. The alTO'''- at fr ame 
F-14 indicate a imilar point of autoignition. 
A omewhat different type of preknock autoignition , whi ch 
involves the development of an autoigni tion flame front ncar 
the combustion-chamber wall, is shown in figm e 13. The 
fu el in this ca e wa 8- 2 reference fuel admixed with 10 
pCl·r.ent amyl nitrate. Only one spark plug fu'ed , in E 
position. (ee fig. 1. ) The Lime of inj ection of fuel for 
figul"e 13 ,vas 90 0 A. 1'. O. on the intake stroke, 700 later 
than with all the other pho tograph of this r eport and of 
r ference 1, 2, and 3. 
At about fmme J- 15 in figme 13 a slight mottling begins 
Lo el evelop in the end zone. In the neighborllood of frame 
K- 1 tili s end-zone mottljng begin to become one ntrated 
neal' the combu tion-chamber wall opposite the park-
ignition fiame front . After frame K-12 the mottling pro-
gre es teadily away from the combustion-chamber wall 
toward th e spark-ignition flame fron t at the same time that 
pin points of autoignition Clevelop in the clear space just 
ah ead of th e spark-ignition flame. At frame M-20 the entire 
end zone has disappnared . 
When tIl e photographs of fi g-ure 13 are projected a motion 
pictur s, the unmistakable vi ual interpretation i that a 
flame develop by autoignition at th e combustion-chamber 
wall on the side of the eud zone farthest from the spark-
ignition flame fron t. The alltoignition flame front and the 
spark-ignition flame front then propagate steadily toward 
each other; at the same time pin-point pots of au to-
ignition develop in the end zone until the end zon ha been 
entirely consumed. 
From the visual a pect, knock of the type that has bren 
extensively studied in this report and in r eference 1, 2, and 
3 did not occur in figure 13. At about frame N- l, however, 
the fading out of the mottled zone began to occur so much 
more rapidly than i the case with normal comhu tion that 
the mottling completely disappeared before frame N- 14. 
The dark spot that is seen in frame N-15 to N- 19 is a spot 
on the combu tion-chamber wiudow. The shading jusL 
above th~ center of the arne fram e is an optical defect 
introduced by rocking of the pi ton mirror and has nothiJlg 
to do with combustion. Wh en tbe pho tograph of figure ]3 
are projected a motion pictuTes, a moderate Imock ing shock 
is clearly visible, beguming at about frame N- l. It i 
obvio u from ob ervation of the proj ected phoLographs that 
this knocking hock did no t develop imultanro u. ly wi th 
the autoignition whi ch wa clearly v i ible before frame N- l ; 
instead it accompan ied some change in the combu hon pL'OC-
e s whieh began at ahout frame N- l and which resul ted 
in the qu ick dis olu tion of the mo ttled zone b tween fram e 
N- l and frame N- 14. 
The en I-zone reaction shown in figure 13 might well be 
of th e arne type as shown in photographs of knocking com-
bustion by Withrow and R a weiler (reference 9), which are 
the chief eAl)erimental support of the imple au to ignition 
theory of Imock. The travel of the autoio-ni tion flame 
through the end zone in figure 13 r equires about 1,250 
micro econds (50 frame), which i comparn,ble with the 
tim oceupied by autoignition in the photographs of refer-
ence 9. 
CONCLUSIO S 
The te t conditions for the experiment of the present 
repor t included only one value of compres ion ratio n,nd one 
value of. fu el-air ratio. Usual engine operating cond i tion 
were lJo t r eproduced, ina much as the fuel charge was in-
jected into the cylinder on the intake stroke and r e idual 
combu tion products were not pre ent in the chamber. 
Because knock take on many different a pect und er 
differen t condition, some of the following conclusions houlcl 
be con idel'cd definite only for condition approximating 
those of the te t. 
1. The existence of mall-amplitude vibrations before 
knock, which was sugge ted in r eference 2, has been fully 
proved with M - 2 and M - 3 r eference fuels under the te t 
conditions. 
2. The preknock vibration are caus d hy an explosive 
exothermic reaction in the end zone, whi ch also cause some 
darkening in chlier en photographs of the end zone. 
3. The r>relmock vibrations do not build up progressively 
into knock, a was suggested in r eference 2. 
4. Adding large quantities of tetraethyl lead to th e fuel 
causes a linear incr ease in the time between the explosive 
preknock reaction and the true knock reaction, with a conse-
quent increase in the number of cycle of preknock vibrat ion. 
5. With the addition of amyl ni trate to 8-1 and -2 
r ference fuels, autoignition occ w's throughou t large end-
zone volume an appreciable length of t ime before knock 
occurs, and even, in some ca es, without th e occurrence of 
severe knock. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
Axis Moment about axis Angle Velocities 
Designation Sym-bol 
LongitudinaL ______ X Lateral ________________ Y N ormaL _____________ Z 
Absolute coefficients of moment 
L M 
0,= qbS Om= qcS 
(rolling) (pitching) 
Force 
(parallel 
to axis) 
symbol Designation 
X Rolling _______ 
Y Pitching ______ 
Z Yawing _______ 
N 
On=qbS 
(yawing) 
Sym-
bol 
L 
M 
N 
Linear 
Positive Designa- Sym- (compo- Angular direction tioD bol nent along 
axis) 
Y----+Z RolL _____ __ cp u p 
Z----+X Pitch. _______ () v q 
X~Y Yaw __ ___ __ oft w r 
Angle of set of control surface (relative to neutral 
position), 0_ (Indicate surface by proper subscript.) 
4. PROPELLER SYMBOLS 
D Diameter p Power, absolute coefficient Op= ~D5 p Geometric pitch pn 
p/D Pitch ratio ~V6 V' Inflow velocity O. Speed-power coefficient= Pn2 
V. Slipstream velocity 1] Efficiency 
T Thrust, absolute coefficient OT= ~ n Revolutions per second, rps pn 
Effective helix angle=tan-{2~n) Q Torque, absolute coefficient OQ= 9y q, _ pn 
5. NUMERICAL RELATIONS 
1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower=0.9863 hp 
1 mph=0.4470 mps 
1 mps=2.2369 mph 
1 lb=0.4536 kg 
1 kg=2.2046 lb 
1 00= 1,609.35 m=5,280 ft 
1 m=3.2808 ft 
